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Hysteresis effects of the subjective visual vertical during
continuous quasi-static whole-body roll rotation
Abstract
Healthy human subjects, when roll tilted in darkness, make systematic errors in estimating subjective
visual vertical (SVV). Typically, roll tilt underestimation occurs at angles beyond 60 degrees (A-effect).
At smaller tilt angles, overestimation may occur (E-effect). At approximately 135 degrees whole-body
roll tilt, Kaptein and Van Gisbergen (2004, 2005) found an abrupt A/E transition, the exact location of
which depended on the preceding rotation direction indicating hysteresis. Since this was observed using
relatively fast roll velocity, it remains unclear whether the described hysteresis is dynamic or static. To
clarify this uncertainty, we continuously rotated nine healthy subjects about the earth-horizontal
naso-occipital axis, while they performed SVV adjustments every 2 s. Starting from the upright position,
three full quasi-static constant velocity rotations (2 degrees/s) were completed in both directions (CW:
clockwise; CCW: counterclockwise). SVV deviation from earth-verticality was plotted as a function of
whole-body roll position. A bimodal Gaussian distribution function was fitted to SVV differences
between CW and CCW rotations. A-effects (peaks at 88 degrees and 257 degrees chair position) at
identical whole-body positions were larger after rotations from upside-down than after rotations from
upright (average peak difference: 26 degrees). These results demonstrate static hysteresis for SVV
estimation.
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ABSTRACT 
Healthy human subjects, when roll tilted in darkness, make systematic errors in 
estimating visual verticality (SVV). Typically, roll tilt underestimation occurs at 
angles beyond 60° (A-effect). At smaller tilt angles, overestimation may occur (E-
effect). At ~135° whole-body roll tilt, Kaptein and Van Gisbergen (2005) found an 
abrupt A/E transition, the exact location of which depended on the preceding rotation 
direction indicating hysteresis. Since this was observed using relatively fast roll 
velocity, it remains unclear whether the described hysteresis is dynamic or static. To 
clarify this uncertainty, we continuously rotated 9 healthy subjects about the earth-
horizontal naso-occipital axis, while they performed SVV adjustments every 2s. 
Starting from the upright position, three full quasi-static constant velocity rotations 
(2°/s) were completed in both directions (CW: clockwise; CCW: counterclockwise). 
SVV deviation from earth-verticality was plotted as a function of whole-body roll 
position. A bimodal Gaussian distribution function was fitted to SVV differences 
between CW and CCW rotations. A-effects (peaks at 88° and 257° chair position) at 
identical whole-body positions were larger after rotations from upside-down than after 
rotations from upright (average peak difference: 26°). These results demonstrate static 
hysteresis for SVV estimation.  
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INTRODUCTION 
Healthy human subjects, when tilted along the roll plane in darkness, make systematic 
errors in estimating visual verticality. Typically, roll tilt underestimation occurs at 
angles beyond 60° (Aubert, 1861), i.e. the subjective visual vertical (SVV) deviates 
from the ‘true’ gravitational vertical in the direction of the subject’s head or whole-
body tilt (A-effect). At smaller roll angles, overestimation, i.e. SVV deviation from 
‘true’ vertical in the opposite direction of head or whole-body roll (E-effect), may 
occur (Müller, 1916). Contrary to previous descriptions of a gradual increase and 
decrease of the A-effect peaking at ~130° whole-body roll (Mittelstaedt, 1983; Van 
Beuzekom and Van Gisbergen, 2000), Kaptein and Van Gisbergen recently reported 
of an abrupt transition from the A- to the E-effect approximately at 135° (Kaptein and 
Van Gisbergen, 2004). Remarkably, the transition zone occurred at different whole-
body tilting positions depending on the direction of the preceding rotation, which 
suggests hysteresis properties of SVV (Kaptein and Van Gisbergen, 2005). Since, 
however, this phenomenon was observed using relatively fast roll velocities (30 °/s), 
it remains unclear whether the hysteresis is dynamic, i.e. velocity dependent, or static, 
i.e. position dependent. The present study was undertaken to clarify this ambiguity by 
a SVV paradigm during very slow, i.e. quasi-static, continuous whole-body roll 
rotations. 
METHODS 
Nine healthy human subjects (4 f; 23-45 yr old) participated in this study. Informed 
consent of all subjects was obtained after full explanation of the experimental 
procedure. Subjects were seated upright on a turntable with three servo-controlled 
motor driven axes (prototype built by Acutronic, Jona, Switzerland). An individually 
molded thermoplastic mask (Sinmed BV, Reeuwijk, The Netherlands) restrained the 
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head. Subjects were positioned so that the intersection of the interaural and naso-
occipital axes was at the intersection of the three axes of the turntable. Experiments 
were performed in a dark environment. A chair-fixed laser projected a visual line with 
an arrowhead (length: 500mm; width: 3mm) onto the center of a sphere located 1.5 m 
away from the subject’s eyes. Chair position and line orientation signals were 
digitized at 200 Hz per channel with 12-bit resolution, and stored on a computer hard 
disk for offline processing. We used the same turntable experimental protocol as in 
our previous study on hysteresis of static ocular counterroll (Palla et al., 2006). 
Starting from the upright position, subjects were rotated about their earth-horizontal 
naso-occipital axis counterclockwise (CCW, positive torsional direction) or clockwise 
(CW, negative torsional direction) at a constant angular velocity of 2 °/s. CCW and 
CW were defined from the subject’s viewpoint. The velocity plateau was reached by 
turntable acceleration of 0.05 °/s2, which is below the detection threshold of the 
semicircular canals (Diamond et al., 1982; Shimazu and Precht, 1965). A total of 
three consecutive 360° turntable rotations were performed. Subjects were instructed to 
rapidly (≤ 2s) adjust the orientation of the visual line earth-vertical, while turntable 
was rotated at constant angular velocity. The roll orientation of the visual line was 
pseudo-randomly offset every 2 seconds either CW or CCW (random offset range: 0 – 
360°). Chair and visual line signals were processed with interactive programs written 
in MATLAB™ (MathWorks, Natick, MA). SVV deviation from the earth-vertical 
was plotted as a function of CCW and CW whole-body roll position. SVV deviation 
from ‘true’ gravitational vertical was defined as positive, when it deviated in the 
CCW direction, and as negative, when it deviated in the CW direction from the 
subject’s viewpoint. The following bimodal Gaussian distribution function was fitted 
to SVV differences between CW and CCW rotations:  
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where 1a , 2a are the amplitudes, 1b , 2b  the centers and 1c , 2c  the widths of the two 
Gaussian peaks and d  the offset.   
RESULTS 
Fig. 1 shows response errors of the visual line setting to the subjective vertical (SVV) 
plotted against whole-body roll position in one subject (M. T.). The three traces 
represent the responses for each of the three turntable rotation cycles performed in 
counterclockwise (CCW) and clockwise (CW) directions. Note that the definition of 
SVV-deviation (see Methods) implies that the A-effect from upright is positive for 
CCW and negative for CW rotations. Likewise the A-effect from upside-down is 
negative for CCW and positive for CW rotations. For both, CCW (upper panel) and 
CW (lower panel) turntable rotations, the following pattern was observed: (1) a 
gradual increase of the A-effect during the first 90° of whole-body roll; (2) a gradual 
decrease of the A-effect during the last 90° (beyond 270°) of whole-body roll; (3) a 
zone of instability with switches between A- and E-effects between 90° and 270°, i.e. 
in head-down positions. If SVV traces were identical for CCW (upper panel from left 
to right) and CW (lower panel from right to left) rotations, the trace of differences 
between these two traces should be a horizontal zero line.  
/* Figure 1 about here */ 
Fig. 2 plots the differences between SVV deviations during CCW and CW rotations 
(circles: individual averages of 10° wide bins from three rotations) as a function of 
whole-body roll position in all nine subjects. A bimodal Gaussian distribution 
function (see Methods) was fitted to SVV differences (black trace). The two dips at 
88° and 257° indicate that A-effects at identical whole-body positions were larger 
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after rotation from upside-down than after rotation from upright. The average peak 
difference between SVV traces during CCW and CW rotations was 26° (CI p < 0.05: 
[35.14, 18.07]). 
    /* Figure 2 about here */ 
DISCUSSION 
We analyzed the systematic errors that healthy human subjects make when estimating 
the direction of gravity by setting a visual line (SVV) during constant ‘quasi-static’ 
velocity whole-body rotations about the naso-occipital axis1. The majority of subjects 
showed an instability zone around the upside-down position between 90° left-ear and 
90° right-ear down where rapid switches between tilt underestimation (A-effect) and 
tilt overestimation (E-effect) occurred. When comparing SVV deviations measured 
during counterclockwise (CCW) and clockwise (CW) turntable rotations, we found 
that at identical whole-body positions the A-effect was larger when passing through 
upside-down than by “direct” rotation from upright (peaks in the side positions). 
Because rotations were performed ‘quasi-statically’, these results demonstrate that 
there is hysteresis for SVV estimation which is independent of roll velocity. 
Moreover, this static SVV hysteresis is already present at roll angles below 90°, 
where the A-effect dominates. We speculate that the hysteresis found by Kaptein and 
Van Giesbergen (Kaptein and Van Gisbergen, 2004, 2005) for the switching between 
A- and E-effects around 135° is a direct result of static hysteresis for the A-effect. In 
the instability zone, the direction-dependent magnitude of the A-effect may influence 
the roll position for switching between A- and E-effects.  
                                                 
1 ‘quasi-static’ is defined as low constant-velocity whole-body rotations (2 °/s) about the earth-
horizontal naso-occipital axis with the initial acceleration below the detection threshold of the 
semicircular canals (0.05 °/s2) 
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Figure 1. Example of SVV deviation from ‘true’ vertical plotted as a function of 
whole-body roll position in a typical subject (M. T.). Each trace (N = 3) represents 
interpolated SVV adjustments during one full rotation cycle. Upper panel: CCW 
turntable rotation; lower panel: CW rotation. CW traces are flipped (read from right to 
left) for comparison of identical CCW and CW whole-body positions.  
Figure 2. Differences between SVV deviations during CCW and CW rotations (Δ 
SVV) as a function of whole-body roll position in subjects (N = 9). Circles: individual 
averages of 10° wide bins from three rotations. Black trace: bimodal Gaussian 
distribution function fitted to the data. 
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